During mesoscale Fe enrichment (SEEDS II) in the western North Pacific ocean, we investigated dissolved and particulate Co, Ni, Cu, Zn, Cd and Pb in seawater from both field observation and shipboard bottle incubation of a natural phytoplankton assemblage with Fe addition. Before the Fe enrichment, strong correlations between dissolved trace metals (Ni, Zn and Cd) and PO 4
Introduction
The subarctic North Pacific, equatorial Pacific and Southern Oceans are classified into high-nitrate low-chlorophyll (HNLC) regions, where Fe has been suggested as a prime micronutrient controlling the growth and biomass of phytoplankton. This finding was confirmed by mesoscale Fe enrichments in these regions (Coale et al., 1996 (Coale et al., , 2004 Martin et al., 1994; Tsuda et al., 2003) .
In addition to Fe, various trace metals are essential to marine organisms, often as co-factors in enzymes and as structural elements in biomolecules (Morel and Price, 2003) . Co is well known as a central metal in a corrin ring core of vitamin B 12 and is an essential micronutrient for Prochlorococcus (Saito et al., 2002) . Ni is a co-factor in urease. Cu is a co-factor in Cytochrome c oxidase (da Silva and Williams, 2001) , and in enzymes, such as multicopper oxidase (La Fontaine et al., 2002) , and proteins, such as plastocyanin (Peers and Price, 2006) , recently identified to be important in eukaryotic phytoplankton. Zn is present in a large number of enzymes including alkaline phosphatase and carbonic anhydrase (Morel and Price, 2003) . Cd is also contained in Cd-specific carbonic anhydrase in diatom Thalassiosira weissflogii (Cullen et al., 1999; Lane et al., 2005) . It is also suggested that substitution of an essential metal for another is common in marine phytoplankton (Morel and Price, 2003) . Moreover, recent studies suggest that Fe availability is likely to affect the elemental stoichiometry of Co, Ni, Zn and Cd in phytoplankton (Cullen et al., 2003; Twining et al., 2004) . Biogeochemical cycles are thought to be a major factor controlling the distribution and partition of dissolved and particulate trace metals in seawater. However, it is difficult to observe directly the effect of biological activities on the distribution and partition of trace metals, especially in the open sea. Recently, some data have been reported on the interaction between organisms and trace metals during the mesoscale Fe-enrichment experiments (Gordon et al., 1998; Frew et al., 2001; Kinugasa et al., 2005) . The results were very different among the experiments. The concentrations of dissolved and particulate trace metals (Al, Cd, Co, Cu, Mn, Ni and Zn) did not change significantly during IronEx I in the eastern equatorial Pacific Ocean (Gordon et al., 1998) . During SOIREE in the Southern Ocean, there were no significant variations for dissolved Ni, Cu and Zn concentrations, while 70% of initial dissolved Cd was partitioned into particulate matter due to biological utilization by algae (Frew et al., 2001 ). In contrast, Kinugasa et al. (2005) found significant decreases in dissolved concentrations of Co, Ni, Cu, Zn and Cd during SEEDS I in the western North Pacific. They suggested that the dissolved trace metals were taken up by algae and incorporated into particulate species. According to their dissolved and acid-dissolvable data, the particulate trace metals remained in the mixed layer during SEEDS I. These mesoscale Fe enrichments mainly focused on the development phase of the bloom over less than 13 days.
ARTICLE IN PRESS
The second Fe-enrichment experiment in the western North Pacific (SEEDS II) was carried out in summer 2004 (Tsuda et al., 2007) . We observed variations in dissolved and particulate Co, Ni, Cu, Zn, Cd and Pb inside and outside the Fe patch for 26 days to cover the developing and declining phases of the bloom. We also conducted bottle incubation experiments with Fe addition on board the vessel using surface seawater, from which mesozooplankton had been removed, and followed the changes in trace metals. We report different behaviors of the trace metals between the mesoscale Fe enrichment and the bottle incubation experiments, and discuss the fate of trace metals.
Methods

Reagents and materials
Ultra-high purity HCl, HF, HNO 3 , HOAc, NH 3 (TAMAPURE-AA-10 and 100, Tama Chemicals) were used for cleaning of materials, sample preservation and preconcentration. Standard solutions of elements were prepared from commercially available standard solutions (NACALAI TESQUE). All solutions were stored in lowdensity polyethylene (LDPE, Nalge Nunc International) bottles, which were cleaned according to the methods of Kinugasa et al. (2005) . Polycarbonate nucleopore filters (0.2 mm pore size, 47 mm diameter; Nuclepore, Costar) were cleaned according to methods described in Nakatsuka et al. (2007) and stored in MQW (Milli-Q Gradient-A-10 system, Millipore). A closed filtration system was constructed with PFA materials and LDPE bottles. The interior of the filtration system was cleaned successively with 6 M HF (TAMAPURE-AA-100), 0.1 M HCl (TAMAPURE-AA-10) and MQW. The cleaning of materials and preparation of solutions were carried out in a clean laminar flow hood while wearing polyethylene gloves.
Fe enrichment and patch observation during SEEDS II
The observation during SEEDS II was performed using the R/V Hakuho Maru (HK) and R/V Kilo Moana (KM) from 13 July to 27 August 2004. The Fe enrichment and observation during the first 2 weeks (days 0-12) and the last 4 days (days 23-26) were carried out using HK. The observation between days 13 and 22 was conducted using KM. The experimental site was located at 48.51N, 1651E in the northwest subarctic gyre. Prior to the Fe enrichment, a preliminary survey of surface water confirmed that the area was HNLC (NO 3 À 418 mM and chlorophyll-ao1 mg L À1 ) and that the dissolved Fe concentration was low ($0.02 nM; Nishioka et al., 2009) .
FeSO 4 Á 7H 2 O (1860 kg) and sulfur hexafluoride (SF 6 ) were dissolved in seawater on board and injected into surface water in an area of 64 km 2 on 20 July (days 0-1). Since the enriched Fe was rapidly lost from the patch until day 2 (o0.5 nM for total dissolved concentration), the second Fe enrichment (FeSO 4 Á 7H 2 O, 950 kg) was executed in an area of 168 km 2 inside the patch between days 5-6. SF 6 was available to trace the Fe patch for the first 12 days. Since pCO 2 in the patch decreased significantly, it was used to trace the patch between days 13 and 26. General methods and results of SEEDS II were detailed in Tsuda et al. (2007) and references therein. Nishioka et al. (2009) have described the method of Fe enrichment and the distribution of Fe during SEEDS II.
Seawater sampling
Discrete seawater samples were collected from upper 150 m depths with two types of clean sampling devices during the HK cruise. Twelve liters of Niskin-X samplers attached to an epoxycoated aluminum frame of a CTD-carousel system (Sea Bird Electronics) were used inside the patch. 10 L Niskin-X samplers were attached to a Kevlar hydro-wire and tripped with Teflon messengers outside the patch. The drain cock of the sampler was replaced with a Teflon one. The interior of the sampler was coated with Teflon and cleaned with detergent and HCl.
Seawater samples were subdivided into LDPE bottles. Immediately after collection, seawater (500 mL) was filtered through a Nuclepore filter using the closed filtration system in a shipboard Class 1000 clean room. The filtrate was acidified to pH 2.2 with 20% w/w HCl (TAMAPURE AA-10, 190 mL/100 mL of the filtrate) and stored until the determination of dissolved trace metals on land. The filter and particulate matter were taken in an acidcleaned Petri dish and frozen until analysis on land.
During the KM cruise, seawater sampling was preformed by using Teflon coated Niskin-X samplers and Teflon messengers deployed on Kevlar hydro-wire. Filtration was carried out with an acid-cleaned 0.22-mm Durapore membrane filter (Cartridge typeMillipak 100, Millipore) in a clean hood on the deck. The filtrate was acidified to pH 2.2 with HCl as done during the HK cruise. No particulate sample was collected during the KM cruise.
Bottle incubation with Fe addition
Seawater for the bottle incubation experiment was collected using three Niskin bottles from 10 m depth outside the patch (471N, 1651E) on day 24. The seawater was characterized by $0.3 mg L À1 of chlorophyll-a, 415 mM of NO 3 À and o0.1 nM of dissolved Fe. The seawater was homogenized in an acid-cleaned 25-L polycarbonate tank and filtered through a 202-mm mesh in order to remove mesozooplankton. The seawater was divided into 10-L fractions. One fraction was added with FeCl 3 stock solution to achieve a final Fe concentration of 1 nM (+Fe) and subdivided into 10 polycarbonate bottles (1 L). The other fraction was used as control seawater. This fraction was also subdivided into 10 other bottles. The cap of each bottle was sealed with parafilm and nylon tape. Each bottle was covered with a polyethylene bag and a shade cloth that reduced the light irradiance to $35% of an ambient value. Each of the nine +Fe and control bottles was incubated in a seawater tank on the deck, where the temperature was maintained at 12 1C using a circulator. The incubation proceeded for 10 days. The incubation time on day i is referred to T i hereafter. The remnant +Fe and control bottles served as T 0 samples. Two +Fe and two control bottles were taken from the incubator on every T i (i ¼ 2, 4, 6, 8) for analysis. One +Fe and one control bottle were used as T 10 samples.
Sampling was performed from each bottle to determine concentrations of dissolved and particulate trace metals, chlorophyll-a and nutrients (Si(OH) 4 , NO 3 À +NO 2 À and PO 4 3À ). Five hundred milliliters of seawater were filtered and acidified to determine the dissolved Co, Ni, Cu, Zn, Cd and Pb. The filter served as a sample for particulate Co, Ni, Cu, Zn, Cd and Pb. One hundred and fifteen milliliters of seawater were passed through a Whatman GF/F filter and chlorophyll-a on the filter was extracted into 6 mL of N,N-dimethylformamide (DMF) at À20 1C for 24 h (Suzuki and Ishimaru, 1990) . The concentration was measured on board using a Turner Designs fluorometer. Ten milliliters of seawater for the determination of nutrients were placed in an acrylic tube and frozen until analysis on land. Eukaryotic phytoplankton was examined using a microscope to count the cell number and to identify the species composition at T 0 and T 10 . Growth rates for the entire phytoplankton community (m day À1 ) were calculated according to the following equation:
where X 10 and X 0 are the total cell numbers for phytoplankton community at T 10 and T 0 , respectively.
Determination of dissolved and particulate trace metals
Dissolved trace metals were determined according to the previous method (Kinugasa et al., 2005) . A 140-mL aliquot of seawater was adjusted to pH 5.070.1 with 15 M AcOH-AcONH 4 (340 mL/100 mL of the sample solution) and dissolved trace metals were concentrated using a MAF-8HQ chelating adsorbent column at a flow rate of 2.1 mL min
À1
. After rinsing with 40 mL of 0.05 M AcOH-AcONH 4 , the metals were eluted with 0. . The filter and particulate matter were placed in a 7 mL PFA decomposition vessels (DV-7, SanaiKagaku) and hydrolyzed in 750 mL of 20% (w/w) NH 3 with a microwave oven at 200 W for 5 min. The vessel was then mounted on a trace metal-clean evaporation system. The sample was evaporated to dryness at 210 1C for 20 min. The residue was added with 300 mL of 68% (w/w) HNO 3 , 300 mL of 38% (w/w) HF and 300 mL of 68% (w/w) HClO 4 , and digested using the microwave oven and evaporation system. After evaporation of the acids, the residues were dissolved in 1 mL of 0.8 M HNO 3 . The sample pH was adjusted to 5.0 by adding buffer solution and the trace metals were determined by online column concentration-ICP-MS as follows: the sample was loaded on a MAF-8HQ column for 180 s (2.1 mL min À1 Procedural blanks for the dissolved trace metals, which include acidification, buffering, concentration and determination were examined by using 140 mL of MQW as a sample. Procedural blanks for particulate trace metals were obtained using an acid-cleaned nucleopore filter. The detection limits were calculated as three times the standard deviation of the blanks. The blanks and detection limits are summarized in Table 1 . The blanks for dissolved species were less than 5% of the concentrations of the dissolved trace metals in samples. The accuracy of our methods for dissolved and particulate Co, Ni, Cu, Zn, Cd and Pb was confirmed by the analysis of reference materials for seawater (NASS-5; National Research Council Canada) and algae (NIES CRM No. 3 chlorella, National Institute for Environmental Studies). Table 2 shows the analytical results of the reference materials. Our values agreed well with the certified values.
Results
All data on the dissolved and particulate trace metals during the mesoscale Fe enrichment are listed in Appendix. The data with parentheses are anomalous values on the vertical profiles and ignored in subsequent processing and discussion. Data on nutrients were taken from Saito et al. (2009) , where details of the nutrient dynamics were described. The mean concentrations of dissolved Co, Ni, Cu, Zn, Cd and Pb in the surface mixed layer were 7074 pM, 4.970.1, 2.170.4, 1.670.3, 0.4870.01 nM and 5272 pM, respectively. The mean concentrations of particulate species were 1.770.7 pM for Co, 0.05270.015 nM for Ni, 0.0970.08 nM for Cu, 0.4670.06 nM for Zn, 0.03770.001 nM for Cd and 5.770.5 pM for Pb (day 0 in Table 3 ).
Variations in chlorophyll-a, nutrients and trace metals in the surface mixed layer during the mesoscale Fe enrichment
Temporal changes in chlorophyll-a concentrations in the surface mixed layer are plotted in Fig. 3 . Concentrations of chlorophyll-a inside the patch nearly tripled by days 10-13 and then gradually decreased. Tsuda et al. (2007) reported that the bloom was dominated by non-diatom phytoplankton, while oceanic diatoms of Pseudo-nitzschia spp. and Neodenticula seminae also increased during the bloom. According to the sizefractionated chlorophyll-a data, micro-, nano-and pico-sized chlorophyll-a accounted for 27%, 43% and 30% of the total chlorophyll-a before the increase in phytoplankton on days 0-2. The ratio did not change largely during the developing phase 1 (days 2-8, Fig. 3 ) and then the contribution of pico-phytoplankton increased during developing phase 2 (days 8-12, Fig. 3 ).
Temporal changes in concentrations of NO 3 À +NO 2 À , Si(OH) 4 and PO 4 3À in the surface mixed layer are plotted in Fig. 4 . Concentrations of NO 3 À +NO 2 À and PO 4 3À inside the patch decreased by 3 and 0.1 mM in the developing phases, respectively. The concentrations continued to decrease after day 13 and showed minimums on day 21. The differences in the concentrations between inside and outside the patch on day 12 were 2 mM for NO 3 À +NO 2 À and 0.1 mM for PO 4 3À . Concentrations of Si(OH) 4 decreased with time, and no significant differences were observed between the inside and outside throughout the experiment. Fig. 5 shows temporal changes in dissolved and particulate concentrations for Co, Ni, Cu, Zn, Cd and Pb in the surface mixed layer. There was no significant difference in the concentrations of dissolved Co, Ni, Cu, Zn and Pb between inside and outside the patch. Dissolved Co, Ni and Pb concentrations remained nearly constant over the course of the experiment. Concentrations of dissolved Cu decreased until days 18-21 and then returned to the initial level at the end of the experiment. Dissolved Zn showed a similar change with dissolved Cu, although the concentrations varied largely during the observation on KM. Dissolved Cd inside the patch was significantly higher than outside the patch (t-test, po0.05) on day 2. The concentration inside the patch slightly decreased from 0.4870.01 nM on day 2 to 0.4670.01 nM on day 12, and rapidly decreased to 0.3570.01 nM on days 16-17. In contrast, dissolved Cd concentrations outside the patch remained constant (0.3570.03 nM) over the course of the experiment. Cu, 0.36-0.54 nM for Zn, 0.037-0.057 nM for Cd and 2.9-6.1 pM for Pb on days 2-12. Particulate Co, Ni and Cd inside the patch showed maximums on days 7-8 and then returned to the initial levels. The days of the maximums coincided with the transition between phase 1 and 2 (Fig. 3) . Particulate Cu inside the patch had two maximums on days 5 and 8 and showed a higher value on day 23. Concentrations of particulate Zn and Pb inside the patch slightly decreased over the course of t he experiment. Outside the patch, particulate trace metals except Cu were relatively constant until day 12 and slightly decreased until day 24. There were no statistically significant differences in the concentrations between inside and outside the patch.
Bottle incubation with Fe addition
Temporal changes in chlorophyll-a, Si(OH) 4 , NO 3 À +NO 2 À and PO 4 3À in the shipboard incubation are given in Fig. 6 .
A large increase in chlorophyll-a was observed in the +Fe were dominant in the +Fe bottle at T 10 . Although the species composition in the control bottle was similar to that in the +Fe bottle, the cell numbers at T 10 were nearly one-third of those in the +Fe bottle. The growth rates of the entire phytoplankton community were calculated to be 0.29 and 0.17 day À1 for +Fe and the control, respectively.
Temporal changes in the trace metals are shown in Fig. 7 . All the dissolved metals except Ni and Cu decreased in the +Fe bottles with the greatest changes observed for Zn and Cd. Dissolved Zn and Cd in the control bottles also decreased, but the decreases were smaller than those in the +Fe bottles. Particulate trace metals in the +Fe bottles increased in association with chlorophyll-a, becoming significantly higher than those in the control bottles. Particulate Co, Ni, Cu and Pb showed a 2-3 fold increase, and the particulate fraction at T 10 accounted for 15%, 3%, Chlorophyll-a (µg L 13% and 21% of the total concentrations (sum of dissolved and particulate trace metal concentrations), respectively. Particulate Zn and Cd measured at T 10 in the +Fe bottle were 0.58 and 0.18 nM, which accounted for 43% and 45% of the total concentrations, respectively. Particulate Zn and Cd in the control bottle were 0.42 and 0.12 nM at T 10 , which accounted for 32% and 28% of the total concentrations, respectively.
Discussion
Dissolved and particulate trace metals before the mesoscale Fe enrichment
There are some reported data on dissolved Co, Ni, Cu, Zn, Cd and Pb in the vicinity of the study area ( Our results are in accord with these data except Co. The sampling season and area were the same between Kinugasa et al. (2005) and our study. However, there is a discrepancy in dissolved Co concentrations. This may reflect temporal variation, because Co is more readily scavenged than the other metals.
There are no available data on the particulate trace metals in this region, while several studies have described the total concentrations of trace metals in unfiltered seawater. Kinugasa et al. (2005) analyzed acid dissolvable species in the seawater samples, which were unfiltered, acidified to pH 2.2 with HCl and stored for 20 months at an ambient temperature before analysis. According to their data, the acid-dissolvable concentrations in the upper water column were 5.17-5.63 nM for Ni, 1.76-2.39 nM for Cu, 3.15-4.92 nM for Zn and 0.50-0.67 nM for Cd. The total Cd concentration was 0.49-0.82 nM at depths of 30-123 m at 51128 0 N, 16512 0 E (Lacan et al., 2006) . In our study, it is assumed that the sum of dissolved and particulate trace metal concentration represents the total concentration. Total Ni, Cu, Zn and Cd are 4.6-6.3, 1.7-2.7, 1.8-8.9 and 0.49-0.99 nM, respectively. These concentrations are in good agreement with the literature data except for Co.
Our data indicate the predominance of dissolved Co (497%), Ni (499%), Cu (493%), Zn (474%), Cd (491%) and Pb (490%) in the western North Pacific. The results are similar to those of Zn and Cd observed in the central North Pacific Ocean (Bruland et al., 1994) and those of Ni, Cu, Zn and Cd in the Southern Oceans (Frew et al., 2001) . The relationships between dissolved trace metals (Ni, Zn and Cd) and PO 4 3À , and between particulate trace metals (Ni, Zn and Cd) and chlorophyll-a throughout the upper water column are shown in Fig. 8 . Dissolved Ni, Zn and Cd on day 0 were lineally correlated with PO 4
3À
, with a correlation coefficient (r) being 
Differences in biological responses between the bottle incubation and the mesoscale Fe enrichment
The shipboard incubation experiment revealed that addition of 1 nM Fe caused a large increase in chlorophyll-a and drawdown of nutrients for 10 days (Fig. 5) . These results indicate that Fe deficiency was a limiting factor for the phytoplankton growth. However, the increase in chlorophyll-a observed during the mesoscale Fe enrichment was limited to $2 mg L À1 (Fig. 3) . It must be considered whether there was a difference in Fe concentration between the bottle incubation and the mesoscale Fe enrichment. Added Fe would have been subject to export and dilution losses in the mesoscale Fe enrichment, whereas they do not occur in bottle incubation. Nishioka et al. (2009) species in the +Fe bottles, respectively. Open circles and squares with a broken line indicate dissolved and particulate species in the control bottles. Error bars for T 10 represent 2s of the procedural blanks. Error bars for T 2-8 represent 2s of the concentrations observed for the replicate bottles.
dissolved Fe and 1.38 nM of dissolved Fe at 5 m depth on day 1. The concentrations of Fe decreased to 0.92 nM for total dissolved and 0.14 nM for dissolved on day 11. Although the Fe concentrations in the patch decreased with time probably by export and dilution losses, they were comparable to those in the +Fe bottles at least during the developing phases. Thus, the export and dilution losses of Fe are not the primary reason underlying the reduced increase in chlorophyll-a during the mesoscale Fe enrichment relative to the incubation.
Grazing by mesozooplankton is a convincing explanation for the differences in phytoplankton biomass between the two experiments. We removed the mesozooplankton from the incubation bottles, which is likely to lead more favorable conditions for a preferential increase in phytoplankton (Banse, 1991) . On the other hand, mesozooplankton biomass, which was dominated by copepods (Neocalanus plumchrus), increased exponentially from day 5 to day 21 in the mesoscale Fe enrichment . It was suggested that copepods grazed down Fe-induced diatom growth, resulting in the weak response of phytoplankton during the mesoscale Fe enrichment.
Dynamics of trace metals during the mesoscale Fe enrichment
Here, we considered mass balance of nutrients and trace metals in the surface mixed layer inside the patch between days 0 and 12 (Fig. 9) . The decreases in dissolved nutrients were 2.5 mM for Si(OH) 4 , 3.0 mM for NO 3 À + NO 2 À and 0.1 mM for PO 4
3À
. These data give a mole ratio of Si 25 N 30 P 1 . The Si/P ratio is in the range for the bottle incubation (Table 6) , while the N/P ratio is slightly high. These results suggest that the decreases in dissolved nutrients are mainly due to uptake by phytoplankton, and that the effect of convection and advection can be ignored. The decreased inventory of dissolved nutrients in the surface mixed layer was 50 mmol m À2 for Si, 60 mmol m À2 for N and 2 mmol m À2 for P. These nutrients should have been transformed into particulate matter. Settling particles were collected at 40 m depth inside the patch, and their nutrient contents were determined ). The observed Si, N and P fluxes were 1.9-3.7, 3.0-4.3, 0.075-0.102 mmol m À2 day
À1
, resulted in the integrated flux of 35, 41 and 1.0 mmol m À2 for 12 days, respectively. These values accounted for 68% for Si, 70% for N, 42% for P of the decrease in the inventory. It is likely that the rest of the produced particulate species remained in the surface mixed layer as particulate species. Although the phytoplankton species composition of the mesoscale Fe enrichment slightly differed from that of the bottle incubation (Table 4) , we assume that the elemental ratio of phytoplankton during the mesoscale Fe enrichment is equal to that for the +Fe bottles (Table 6 ). The uptake of trace metals by phytoplankton associated with the drawdown of 0.1 mM PO 4 3À would be 2 pM for Co, 0.03 nM for Ni, 0.05 nM for Cu, 0.10 nM for Zn and 0.042 nM for Cd. When 42% of the particulate trace metals have been lost as settling particles in company with nutrients, the increase in particulate species in the surface mixed layer will be 1.2 pM for Co, 0.02 nM for Ni, 0.03 nM for Cu, 0.06 nM for Zn and 0.024 nM for Cd. These values are comparable with the variations in particulate metals inside and outside the patch (Table 3) . Thus, it is reasonable that significant changes in particulate Co, Ni, Cu and Zn were not observed in the mesoscale Fe enrichment.
Moreover, it is likely that Pb was scavenged by biogenic particles during the developing phases. Assuming that the Pb/P ratio was equal between the incubation and the mesoscale Fe enrichment, the increase in particulate Pb would be 2.4 pM in the surface mixed layer. In reality, the particulate Pb concentration gradually decreased from 5.770.5 pM on day 0 to 2.971.1 pM on day 12. It is inferred that particulate Pb was effectively removed and vertically exported out of the mixed layer. Although very little is known of the nature of scavenging, enhanced biomass and grazing of mesozooplankton may be one of the reasons for the effective export losses.
Effect of Fe addition on elemental stoichiometry in marine phytoplankton
The bottle incubation experiments indicate that Fe addition leads to an increase in phytoplankton biomass and to transformation of trace metals from dissolved to particulate species (Fig. 7) . The increases in the concentrations of particulate trace metals between T 2 and T 10 were compared with the drawdown of dissolved trace metals. The increase accounted for 45% for Co, 92% for Ni, 533% for Cu, 95% for Zn, 71% for Cd and 93% for Pb of Kinugasa et al. (2005) . Dissolved trace metals were concentrated by MAF-8HQ chelating adsorbent. Acid-dissolvable species in the unfillered seawater samples was acidified to pH 22 with IICI and stored for 20 months at an ambient temperature before column extraction. c Data from Moffett and Dupont (2007) . Co speciation was characterized by using cathodic stripping voltammetry with the competing ligands benzoylaceton and salicylaldoxime. d Data from Abe (2002) . Dissolved Cd in an unfillered sample was concentrated by the APDC (coprecipitation method). e Data from Fujtshima et al. (2001) . Dissolved trace metals were concentrated by MAF-8HQ chelating adsorbent. Acid dissolvable species in the unaltered seawater samples was acidified to pH 22 with HCI and stored at an ambient temperature before column extraction. f Data from Noriki et al. (1998) . g Data from Lacan et al. (2006) . Cd in the unfiltered seawater sample was concentrated by using chelex-100 chelating resin. the drawdown in the +Fe bottle, and 38% for Co, 65% for Ni, 101% for Zn, 76% for Cd and 4% for Pb in the control bottle. These results suggest that most of the drawdown of dissolved species was incorporated into particulate matter. The disagreement for Cu and Pb may be attributed to a large error in the drawdown due to a high background, and that for Co may be attributed to adsorption onto the bottle wall. A potential explanation for the transformation is coprecipitation with Fe oxyhydroxide. However, the transformation was not significant in the mesoscale Fe patch, although the Fe concentration was comparable with that in the +Fe bottles. Thus, it is reasonable to ascribe the transformation to uptake by phytoplankton. Here, we estimated the elemental stoichiometry in phytoplankton using the data on incubation. We present phosphorous normalized ratios, since they are often used by oceanographers and make comparison possible between plankton samples independent of cell volumes Quigg et al., 2003) . The elemental ratios (metal/P) were calculated from the drawdown of dissolved PO 4 3À and the increase in particulate metals between T 2 and T 10 ( Table 6 ). The average elemental ratio in the +Fe bottles is expressed by the following formula: This ratio, except Co, agrees well with the mean elemental quota of (N 16 P 1 ) 1000 Zn 0.8 Cu 0.38 Cd 0.21 Co 0.19 for 15 species of phytoplankton (including hard parts) grown in nutrient replete cultures . The 10-fold discrepancy in Co may result from differences in phytoplankton species or from a high concentration of Co (total 50 nM) in the culture medium. A consumption ratio of (Si 27 N 16 P 1 ) 1000 Zn 1.0 Cu 0.4 Cd 0.05 Ni 0.6 was observed in the Fe patch during SEEDS I (Kinugasa et al., 2005) . This ratio is higher in Si and lower in Cd compared with that observed for this study. The two-fold discrepancy in Si may be due to a massive increase in fast-growing centric diatom (Chaetoceros debilis; $20 mg L À1 of chlorophyll-a) during SEEDS I. The reason for the eight-fold discrepancy in Cd is not clear.
The elemental ratios were different between the +Fe and control bottles (Table 6 ). The Si/P ratio in the control bottles (26 mol mol À1 ) was approximately twice as high as that in the +Fe bottles (13 mol mol À1 ). Takeda (1998) demonstrated that the Si/P ratio in phytoplankton collected from the subarctic North Pacific Ocean decreased from 3177 mol mol À1 in the control bottles to 1476 mol mol À1 in the Fe-added bottles. The good agreement suggests that Fe acts as a factor not only limiting the growth of phytoplankton, but also controlling the elemental stoichiometry of Si/P in marine phytoplankton.
Interestingly, the change in elemental ratio was also observed for Zn/P and Cd/P. The Zn/P ratio decreased from 1.770.2 mmol mol À1 in the control bottles to 1.070.1 mmol mol À1 in the +Fe bottles. The Cd/P ratio also decreased from 0.6670.03 mmol mol À1 in the control bottles to 0.4270.02 mmol mol À1 in the +Fe bottles. A similar change in Cd/P ratio has been reported in a culture of Phaeodactylum tricornutum (Kudo et al., 1996) . They observed that cellular Cd/P ratio decreased with increasing growth rate. It resulted from the increase in cellular P contents, whereas the Cd content was almost constant. On the other hand, Cullen et al. (2003) performed bottle incubation of natural phytoplankton assemblages in the Southern Ocean with Fe addition (Fe concentrations: 0.2, 0.5, 1.0, 2.5 nM). After 10.7 days' incubation, they found the climax community being dominated by large diatoms (Fragillariopsis, Pseudo-nitzschia, and Nitzschia), and that Co/P, Zn/P and Cd/P ratios decreased from control values with increasing growth rate. The sampling locations are different between Cullen et al. (2003) and our study. Nevertheless, the changes in phytoplankton species and the decrease in Zn/P and Cd/P after Fe addition are comparable. These results indicate that Fe addition increases the growth rate and changes uptake stoichiometry, which results in the lower uptake ratios of Zn/P and Cd/P. Thus, Fe addition has implications for the biogeochemical cycling of Si, Zn and Cd.
The dissolved Pb was also transformed into the particulate species. Since the physiological requirement is not known for Pb, the transformation is probably a result of passive adsorption on biogenic particles. The Pb/P ratio in particulate matter was estimated to be 0.024 in the +Fe bottle.
Conclusions
Our data provide the temporal and spatial distributions of dissolved and particulate Co, Ni, Cu, Zn, Cd and Pb during the a Si/P and N/P ratio was calculated from the drawdown of dissolved nutrients between and T 2 and T 10 this study. b Metal/P ratio was calculated from increases in particulate metals and drawdown of dissolved PO 4 3À between T 2 and T 10 . SD represents the analytical uncertainty of the measurement (2s). c Data from Table 4 in Ho et al. (2003) . Elemental quotas of marine phytoplankton (15 species) grown in Fe-repleted culture. Numbers in the parentheses represent one SD. d Data from Table 3 in Kinugasa et al. (2005) . Elemental ratio calculated from consumption ratio of dissolved species in the surface mixed layer during SEEDS I. e Natural phytoplankton assemblages in the subarctic Pacific were grown in bottles without Fe addition. f Natural phytoplankton assemblages in the subarctic Pacific were grown in bottles with Fe addition (1.1 nM). g Natural phytoplankton assemblages in the Southern Ocean were grown in bottles without Fe. h Natural phytoplankton assemblages in the Southern Ocean were grown in bottles with Fe addition (1 nM).
mesoscale Fe enrichment in the western North Pacific. In addition, we conducted the bottle incubation with Fe addition (1 nM) using natural assemblages in the study area.
(1) Dissolved and total concentrations of trace metals before the Fe enrichment (day 0) were consistent with the reported data except for Co. Positive correlations between dissolved trace metals (Ni, Zn and Cd) and PO 4
3À
, and between particulate trace metals (Ni, Zn and Cd) and chlorophyll-a were obtained, suggesting that biogeochemical cycling mainly controls the distributions of Ni, Zn and Cd.
(2) A bottle incubation experiment with Fe addition, in which mesozooplankton have been removed, showed a large increase in chlorophyll-a (up to 8.9 mg L À1 for 10 days), suggesting that Fe deficiency was a factor limiting phytoplankton growth. As phytoplankton biomass increased, dissolved trace metals transformed into particulate species. Compared to the control bottles, lower elemental ratios of Si/P, Zn/P and Cd/P were observed, suggesting that Fe addition can affect the trace metal stoichiometry in marine phytoplankton. (3) Mesoscale Fe enrichment showed increases in chlorophyll-a from 0.8 to 3.0 mg L À1 on days 0-12. In the developing phases of the bloom, there was evidence of increasing concentrations in particulate Co, Ni, Cu and Cd, but no significant differences between concentrations inside and outside the patch. Dissolved trace metals also showed no significant differences between concentrations inside and outside the patch. Calculation using elemental ratios observed for the incubation and drawdown of PO 4 3À inside the patch indicates that no significant difference in particulate Co, Ni, Cu and Zn is reasonable because of the small increase in phytoplankton biomass and downward transport. (4) Comparison of the bottle incubation and the mesoscale Fe enrichment suggests that grazing by mesozooplankton was also a significant factor controlling the phytoplankton biomass during the mesoscale Fe enrichment.
Table A1
Concentrations of trace metals during the mesoscale Fe enrichment. Data in parentheses were ignored for the subsequent processing and discussion.
